ABSTRACT: Testosterone (T)-substitution therapy is widely used in adult patients with Klinefelter syndrome (KS) to prevent symptoms and sequels of androgen deficiency, but it is currently unknown if adolescent boys with KS benefit from early T therapy. To evaluate the optimal age to start T substitution, we searched for signs of androgen deficiency in pubertal boys with KS. 14 nonmosaic 47,XXY boys, aged 10 -13.9 y, were followed up for 4 -37 mo with staging of puberty and frequent reproductive hormone measurements. Furthermore, indices reflecting androgen action (serum SHBG, leptin, and prostate-specific antigen (PSA) levels) were studied. Both onset and progression of puberty according to Tanner stages were normal in boys with KS. Consistently, serum T concentrations increased as expected and remained normal throughout follow-up. Changes in the indices of androgen action (decreases in serum SHBG and leptin, and increase in serum PSA concentrations) occurred normally, except that average leptin levels were higher in the boys with KS (KS boys 11.8 Ϯ 7.0 g/L; controls 7.6 Ϯ 4.7 g/L; p ϭ 0.033). Despite normal T concentrations, the KS boys displayed from the age of 13 y elevated serum FSH and LH levels, and exaggerated gonadotropin responses to gonadotropin-releasing hormone. These data do not demonstrate an unequivocal androgen deficiency in adolescent boys with KS that would necessitate androgen supplementation therapy during early puberty. 
S with its estimated prevalence of 152 per 100,000 males is a common form of male hypogonadism (1) . Only subtle physical signs, such as an increase in height velocity, long-leggedness, slightly lower than normal testicular volume and a tendency to central obesity may be evident before puberty (2, 3) . Prepubertal boys with KS often have delayed speech development and learning disabilities, difficulties in relationships with peers and siblings, and have quiet and unassured manner (3) . All these symptoms have been related to androgen deficiency.
Testes of adult KS males are characterized by hyalinization and fibrosis of the seminiferous tubules, and hyperplasia of the Leydig cells (4) . The mechanisms leading to degeneration of the seminiferous tubules are unknown, but this process seems to accelerate at the onset of puberty (5) . Prepubertal boys with the 47,XXY karyotype have only slightly reduced testicular volume (6, 7) , and the hypergonadotropism typical of adult KS patients cannot be detected before midpuberty (5, 8, 9) . Boys with KS do not typically display delayed onset of puberty and their serum testosterone (T) levels usually remain within the low normal range throughout puberty (5, 8, 9) . Serum LH levels usually further increase from midpuberty onwards, probably reflecting a compensatory feedback mechanism to maintain sufficient Leydig cell function (5, 8, 9) . After pubertal maturation, these compensatory efforts may fail to maintain sufficient circulating T levels, and subsequently T substitution therapy is widely used in adult KS patients to avoid symptoms and sequels of androgen deficiency (2, 10) .
It has been proposed that adolescent boys with KS may benefit from early T therapy (11) (12) (13) (14) (15) . Reports, however, are lacking that verify hypoandrogenism in 47,XXY boys during puberty or examine their androgen status before the start of treatment (11) (12) (13) (14) (15) . Consequently, the optimal age for initiating androgen therapy remains unclear. Our aim was therefore to use clinical and laboratory data from a longitudinal observation period of 14 adolescent nonmosaic 47,XXY boys to determine whether they displayed signs of androgen deficiency during early puberty.
SUBJECTS AND METHODS

Subjects.
Fourteen nonmosaic 47,XXY boys (KS group) were followed up prospectively for 4 -25 mo (median, 18). In addition, data from routine clinical visits prior and after the systematic surveillance period were collected from patient records. None of the subjects was or had previously been on androgen therapy. At the start of the systematic prospective follow-up, their median age was 11.5 y (range, 10.0 -13.9), and their median BA, according to the method of Greulich and Pyle (16), also 11.5 y (range, 7.5-14.5). Some of the clinical and hormonal data have already been published (5) .
The boys visited the Hospital for Children and Adolescents in Helsinki every fourth to sixth month. At each visit, puberty was staged according to Tanner (17) , and sera were taken for hormone measurements. The venous blood samples were drawn between 0730 and 1530 h. Body mass indices (BMI) were calculated as weight (kg) divided by the square of height (m 2 ). Width and length of the testes were measured with a ruler to the nearest millimeter; testicular volume was calculated by the formula 0.52 ϫ length ϫ width 2 (18) . BA was assessed annually, and GnRH stimulation test performed: serum FSH was measured at 0 (before), 30, 60, and 90 min., and serum LH at 0 (before), 20, 30, and 60 min following an intravenous injection of GnRH (Relefact, Hoechst Marion Roussel, Frankfurt, Germany) 3.5 g/kg; maximum 100 g. The parents of each boy gave their informed consent for participation in this study approved by the ethics committee for pediatrics, adolescent medicine and psychiatry of the Hospital District of Helsinki and Uusimaa.
For comparison of serum T and E2 levels in KS boys to values in healthy adolescent boys, we used recently published reference values from 55 healthy Swedish boys (19, 20) . These boys, aged 5.0 -18.6 y, had undergone serial sampling for 24-h serum T and E2 profiles once or repeatedly during pubertal development; their venous blood samples were drawn six times during 24 h.
Furthermore, we investigated in KS boys longitudinal changes in serum concentrations of SHBG, PSA, leptin, FSH, LH, and inhibin B levels and compared these to values in 25 healthy, untreated Finnish boys with CDP previously followed up in our unit (21, 22) . For assessment of laboratory values for the CDP group, when compared with the KS group, BA rather than chronological age (CA) was used, since BA in the CDP group were delayed [difference from CA (mean Ϯ SD) Ϫ2.40 Ϯ 0.67 y during follow-up]. For assessment of laboratory values in KS boys CA were used, because differences between BA and CA in these boys during the study period were small (mean difference -0.36 Ϯ 1.11 y).
Biochemical measurements. Venous blood samples were allowed to clot; serum was separated by centrifugation and stored at -20 C or -70 C.
To allow direct comparison between serum T and E2 concentrations in the KS boys and the healthy Swedish boys, serum T and E2 levels in both groups were measured in the same laboratory. For serum T, an ultrasensitive (sensitivity, 0.03 nmol/L) modified RIA was used (Spectria testosterone, Orion Diagnostica, Espoo, Finland) (23) . The intra-assay CV was 11% at 0.2 nmol/L, and Ͻ7% at concentrations Ͼ0.9 nmol/L; the corresponding interassay CV were 15% and Ͻ 10%, respectively. Serum E2 concentrations were measured with a modified RIA (Spectria estradiol, Orion Diagnostica, Espoo, Finland) after diethyl ether extraction (20, 24) . The assay detection limit was 4.5 pmol/L, intra-assay CV was 13% at 19 pmol/L, and interassay CV 12% at 22 pmol/L. Serum SHBG concentrations were measured by time-resolved fluoroimmunoassay (Perkin-Elmer Life Sciences, Turku, Finland) with inter-and intra-assay CVs both less than 5% according to the manufacturer. Serum leptin was quantitated with a commercially available RIA from Linco Research Inc., St. Charles, MO. The detection limit of this assay is 0.5 g/L. Interassay CV was Ͻ7% (concentration range, 5-25 g/L).
Serum PSA was quantitated with a time-resolved immunofluorometric assay (Prostatus PSA EQM DELFIA, Wallac, Turku, Finland). The detection limit for PSA was 0.02 g/L. Interassay CV was Ͻ4% at PSA concentrations 0.2 to 100 g/L.
Serum FSH and LH levels were measured by ultrasensitive immunofluorometric assays, as described (25) . FSH and LH concentrations 0.1 IU/L were treated as 0.1 IU/L. For FSH, interassay CV was Ͻ3.3% and intra-assay CV Ͻ4.4%; for LH Ͻ4.4% and Ͻ4.1%. Serum inhibin B levels were measured by a commercially available immunoenzymometric assay according to manufacturer's instructions (Serotec, Oxford, UK). The detection limit was 15.6 pg/mL. The interassay CV was Ͻ15% and the intra-assay CV Ͻ5%.
Statistical analyses. Descriptive data are reported as median and range or as mean Ϯ SD. Because the same subjects were investigated repeatedly, we used the method of summary measures (26) . Arithmetic means were first calculated for each individual and subsequently these individual means served as raw data in the unpaired two-tailed t test. A value of p Ͻ 0.05 was considered statistically significant.
RESULTS
Clinical progression of puberty. In the 14 boys with KS, both onset and progression of puberty, as assessed by Tanner stages (17), fell within the normal range for healthy Finnish boys (27) (Fig. 1, A and B, Table 1 ). At the end of the study period, only one, aged 12.5, was at P1, but had entered puberty (stage G2). Although Tanner stages progressed normally during follow-up, there was an arrest in testicular growth, and testicular volumes of the 14 KS subjects never exceeded 4.5 mL (Fig. 1C and Table 1 ). Mean testicular volume of 2.0 mL, accepted to indicate clinical onset of puberty, occurred at median age 12.6 y (range, 11.7-13.9; n ϭ 13), and 3.0 mL at 13.1 y (11.8 -14.9, n ϭ 8) (Fig. 1C and Table 1 ).
During follow-up, gynecomastia occurred in 11 KS boys, at G2 in two boys, at G3 in five, and at G4 in four. In five boys, it was reversible, and only one of these 11 boys had reached Tanner stage M3.
No significant delay in skeletal maturation during puberty occurred in the KS boys, as evidenced by a strong linear relationship between progression of BA and CA (Fig. 1D) . Only during prepuberty did three boys show a significant delay in bone maturation of 2.1-2.5 y, but it caught up with advancing age. One boy displayed an advanced BA of 2.4 y before onset of puberty. Otherwise, BA of the KS boys were within the mean Ϯ 2 SD for healthy Finnish boys during puberty (27) (Fig. 1D) .
Serum T levels during puberty. Longitudinal changes in circulating T levels in the KS boys and in 41 healthy boys of similar age (19, 20) are shown in Figure 2A . Diurnal rhythm of serum T was taken into consideration by grouping the samples according to time of day; serum T levels measured before (0747-1000 h) or after 1000 h (1001-1510 h) were compared 
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PUBERTY IN KLINEFELTER SYNDROME separately to those in the healthy controls measured at 0600 h or 1400 h. KS boys did not have lower serum T levels than did controls in either group (p ϭ NS). Despite their normal serum T levels, some of the older KS boys displayed hypergonadotropism, as evidenced by elevated (Ͼ6 IU/L) serum LH levels ( Fig. 2A) .
Longitudinal changes in Serum E2 and E2/T ratios during puberty. Especially before age of 12, the KS boys had higher serum E2 levels than did healthy controls (19, 20) . We also grouped the E2 samples according to time of day; the differences in serum E2 levels were significant in both groups (before 1000 h: KS boys 19.0 Ϯ 12.2 pmol/L, n ϭ 8; controls 8.8 Ϯ 6.4 pmol/L, n ϭ 28, p ϭ 0.003. After 1000 h: KS boys 18.0 Ϯ 9.2 pmol/L, n ϭ 12; controls 7.3 Ϯ 5.4 pmol/L, n ϭ 28, p Ͻ 0.0001, Fig. 2B ). Differences in E2/T ratios (Fig. 2C) between the groups were not significant during prepuberty or puberty, but a tendency for higher E2/T ratios was noted in the KS boys (before 1000 h: KS boys 15.9 Ϯ 13.3, n ϭ 8; controls 7.9 Ϯ 8.8, n ϭ 28, p ϭ 0.05. After 1000 h: KS boys 13.3 Ϯ 9.1, n ϭ 12; controls 14.0 Ϯ 9.4, n ϭ 28, p ϭ NS]. During follow-up, no tendency appeared for higher E2 levels or higher E2/T ratios among the KS boys with gynecomastia than among those without (data not shown).
Longitudinal changes in SHBG, PSA, and leptin during puberty. During puberty, serum SHBG levels in KS boys decreased normally, with levels remaining in the normal range (p ϭ NS) (Fig. 3A) . Figure 3B shows longitudinal changes in serum PSA levels in KS boys; compared with 25 healthy boys with CDP (21, 22) , both timing and magnitude of rise in serum PSA in the KS boys were normal (p ϭ NS). Figure 3C shows longitudinal changes in serum leptin levels in the 14 boys with KS. Levels decreased during puberty but were on average higher in the KS group than in healthy CDP controls (KS boys 11.8 Ϯ 7.0 g/L; controls 7.6 Ϯ 4.7 g/L, p ϭ 0.033; Fig. 3C ). However, mean BMI between these groups did not differ (KS boys 19.0 Ϯ 2.4 kg/m 2 ; controls 18.7 Ϯ 2.5 kg/m 2 , p ϭ NS, Fig. 3D ). A slight increase in BMI during puberty appeared in both groups (Fig. 3D) . When serum leptin levels were adjusted for BMI, leptin/BMI ratios declined with advancing puberty in both groups, but the KS boys still had higher ratios than did controls (KS boys 0.57 Ϯ 0.30; controls 0.39 Ϯ 0.22, p ϭ 0.041, Fig. 3E ). Longitudinal changes during puberty in 14 nonmosaic boys with KS: (A) serum testosterone (T) in KS subjects; (B) serum E2 in KS subjects; (C) E2-to-T ratios in KS subjects including those with and without serum LH Ͼ 6 IU/L. Levels in healthy Swedish boys (19, 20) were measured at 0600 h, 1000 h, and 1400 h. (8) 23 (1) Means Ϯ SD (number of patients) and *median, range (n) are displayed. To reduce frequency bias, means, or medians were calculated for each subject to get one value to each age interval.
WIKSTRÖ M ET AL.
Development of exaggerated LH and FSH responses to
GnRH. To evaluate activity of the pituitary-gonadal axis during puberty in boys with KS, their responses to GnRH stimulation were studied during follow-up. In the KS boys, pathologically accentuated LH and FSH responses to GnRH stimulation developed during midpuberty, at the age of 13-14 y (Fig. 4, A and B, Table 1 ), with FSH responses becoming exaggerated earlier than did LH responses. In the KS boys, both FSH responses to GnRH stimulation and ratio of inhibin B/FSH (measured before GnRH stimulation) became clearly pathologic when serum inhibin B levels declined (Fig. 4, C and D) .
DISCUSSION
This study shows that rate of pubertal progression in KS boys, as assessed by Tanner P and G stages, was normal. Our results are in agreement with previous findings (8, 9, 13, 28) . In addition, onset of puberty as judged by the appearance of pubic hair and initial testicular enlargement was normal. Testicular volume mainly consists of the seminiferous tubules.
In pubertal KS boys, testicular growth is impaired due to degeneration of the seminiferous tubules, a process that is closely associated to the increase in testosterone secretion (5) . Therefore, testicular volumes do not reliably reflect pubertal virilization in KS boys. Furthermore, KS boys have smaller testes already before puberty, 1.0 -1.5 mL (normal, 1.8 mL) (5, 7) . Consequently, to indicate onset of puberty in these KS boys, we accepted a smaller testicular volume (2.0 mL) than the standard limit of 3.0 mL that is used to define onset of puberty in healthy boys (29) .
In the 47,XXY boys, skeletal maturation fell within the normal range for healthy Finnish boys (27) . A similar pattern in skeletal maturation was noticed by Stewart et al. (28) . Thus, we found no phenotypic evidence for androgen deficiency in boys with KS during early and midpuberty.
Circulating serum T levels in the KS boys did not differ from those in the control boys. This is in agreement with the normal progression of puberty, and with data from previous studies (7) (8) (9) 28) . Thus, impaired T secretion is not an evident feature of KS boys during puberty. In fact, to our knowledge, only two studies on KS boys have demonstrated diminished T secretion before puberty (30, 31) , but these studies comprised infant KS boys, and the results cannot therefore be directly extrapolated to peripubertal and pubertal KS subjects.
However, circulating T concentrations do not necessarily reflect androgen activity at tissue level. To address this question, we measured serum levels of SHBG, PSA, and leptin, the 
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PUBERTY IN KLINEFELTER SYNDROME concentrations of which all are, at least to some extent, regulated by androgens. In our KS boys, serum SHBG decreased normally and the levels did not differ from those observed in the controls. During puberty, serum PSA levels are in healthy boys a potential marker of T action (32) (33) (34) (35) . The normal increase in serum PSA during puberty in our cohort of boys with KS suggests sufficient androgen action in the prostate. Thus, as assessed by serum SHBG and PSA measurements, these KS boys displayed no evidence of diminished androgen action at the cellular level.
A time-and dose-dependent decrease in leptin production occurs in human adipocytes exposed to T (36) . During puberty, serum leptin levels decrease in close correlation with T levels (37-39). Wabitsch et al. (36) have shown that the leptin/BMI ratio is a good indicator of androgen action. We found in the KS boys higher leptin and higher leptin/BMI ratios than in control boys, suggesting diminished androgen action in adipose tissue. This does not unequivocally reflect deficient androgen action in boys with KS, since serum leptin levels are also regulated by factors other than T. For example, in healthy pubertal girls, leptin and E2 concentrations correlate positively, yet this relationship has not been verified in healthy pubertal boys (36, 38, 39) . Because adolescent KS boys have high serum E2 levels, we cannot exclude the possibility that a threshold effect plays a role, and that in these boys actually a positive correlation exists between E2 and leptin levels. Thus, we cannot exclude an impact of elevated E2 levels on serum leptin levels in KS boys.
No signs of hypergonadotropism were detectable in the KS boys during prepuberty or early puberty. After midpuberty, however, concomitantly with elevations in basal FSH and LH levels, their response to GnRH stimulation became abnormal. These observations are in agreement with earlier findings (8, 9, 28) and suggest diminished testicular inhibition of gonadotropin secretion. In addition, the boys with KS developed after midpuberty low T/LH ratios. This timing is in agreement with gradual appearance of Leydig cell hyperplasia during midpuberty (5) . Such changes in activity of the hypothalamicpituitary-testicular axis thus probably represent a state of compensated hypergonadotropic hypogonadism attributed to diminished responsiveness of Leydig cells to LH with advancing puberty.
As our reference group for serum PSA, leptin, FSH, LH, and inhibin B levels, we could only use 25 boys with CDP, who may, however, have altered dynamics in these hormone levels compared with normal boys with normal pubertal progression.
In conclusion, we found that the KS boys had sufficient T levels to allow normal progression of puberty. At tissue level, adequate androgen action was suggested by normal pubertal changes in serum SHBG and PSA. On the other hand, some of our findings such as an increased incidence of gynecomastia, higher leptin levels, and exaggerated responses to GnRH stimulation after midpuberty suggest the development of a relative testosterone deficiency. But, overall, no indisputable androgen deficiency appeared in KS boys, and thus they would require no androgen supplementation during early puberty. However, further studies regarding the efficacy of early androgen substitution on the classical symptoms of KS, especially on neurodevelopmental and psychosocial outcome, are strongly needed (15) . All the characteristics of the KS phenotype cannot be ascribed to the relative hypogonadism; other factors, such as the excess of X-chromosome genes, probably also have an impact.
